INTRODUCTION
Initially limited to national or international trade of live animals or semen, the exchanges of genes are now widely associated with embryo transfer. This biotechnology which is mainly used to rapidly improve
Communication
Risks of transmissible diseases in relation to embryo transfer syndrome (PRRS) clearly highlight the close relationship between the importation of infected animals in a free country and the resulting spread of the disease. Therefore, to avoid this kind of disease transmission, the perfect knowledge and the assessment of the sanitary risks associated with embryo production and embryo transfer are of highest interest for scientists and veterinary authorities. The aim of this article is to evaluate these risks by using the Hazard Analysis Critical Control Point (HACCP) method that is commonly used in the food industry. This means that the risk of disease transmission must be evaluated at each step of embryo production, storage and transfer. Then, we should be able to focus our attention on the critical points, to evaluate or define new procedures that would enable us to deal with the potential risks and either to answer specific questions like this one "when we are facing a sanitary problem (bovine spongiform encephalopathy (BSE), footand-mouth disease (FMD), tuberculosis, brucellosis...) in a herd of high genetic merit, can we collect oocytes or embryos?" In other words, can the ET be a way to save the genetics of a herd?
In vivo and in vitro produced embryos may be contaminated during the different steps of production and transfer. The pathogenic agent may potentially originate from the donor male (semen) or the donor female (oocytes, embryos). It can be present in various environments, such as serum or media used for the handling of oocytes and embryos, in vitro maturation of oocytes, in vitro fertilization and culture. Pathogens may also be added during the whole process of embryo production, from collection to transfer, including storage conditions. Thus we will investigate the risks of disease transmission at each stage of the embryo production and evaluate the prevention measures. In order to obtain a good assessment of the sanitary aspects associated with embryo transfer, we should have and use both experimental and field data.
SANITARY RISKS ASSOCIATED WITH SEMEN
A lot of pathogenic organisms are present in the genital glands or testis, in the lymphatic system, in the blood system (during a bacteremia or a viremia) or in the urinary system. Therefore, all of these microorganisms may be easily transmitted in the semen by the way of seminal liquid, sperm, or with urine contact. This is confirmed by the fact that nearly all of the pathogenic microorganisms listed in the OIE have been isolated from semen.
An approach with three examples

Mycobacterium paratuberculosis
When a pathogen agent is not detected in semen, we should wonder if the test we used to detect it is enough sensitive. For instance, there was no evidence of semen excretion of Mycobacterium paratuberculosis during several years, because of the dilution of semen in the extender and the low concentration of this pathogen in semen [37, 38] . The semen excretion could be confirmed with more sensitive tests such as polymerase chain reaction or enhanced culture systems. These microorganisms (virus or bacteria) can be present intermittently in semen ( Fig. 1 ) either in seminal plasma and/or associated with spermatozoa [61] . This contamination can play a role during fertilization and can also be transmitted to the embryo or to the recipient.
Bovine Viral Diarrhoea Virus (BVDV)
A very high viral load can be found in semen due to replication of the virus in the reproductive tract of the bull [34] and as freezing does not kill the virus, an inseminated cow will be inevitably infected by a contaminated semen. Kirkland et al. [35] of the embryos as recommended by IETS were not effective in rendering IVF embryos free from M. bovis and M. bovigenitalium.
Conclusion
In fact, the different studies testing contamination of in vitro or in vivo produced embryos show that the risk of transmission of pathogenic microorganisms when using infected semen is potentially very high.
Prevention measures
In order to avoid contamination of semen and to control related sanitary risks, different measures have to be taken. The first one and the most important one is the epidemiological rule specifically applied in AI centres: the only way to be sure that produced semen is pathogen free is by using a bull whose historical sanitary status is very well known: this bull is living in a pathogenic show that even with a semen from a transiently infected bull, BVDV could be transmitted to inseminated cows. Moreover, Bielansky et al. [12] , did not succeed in removing BVDV from bull semen and according to Guérin [1, 30, 32] , this contamination has an important effect on every early embryonic mortality even if this negative effect on in vitro development rate may depend on the virus strain and on its cytopathic effect [6] .
Mycoplasma spp.
Bielansky et al. [19] performed in-vitro fertilization with semen experimentally infected with Mycoplasma bovis or Mycoplasma bovigenitalium and showed that these pathogens can be transmitted through the IVF system and therefore infect the embryos. Furthermore, their experiments showed that the supplementation of the media used for in vitro culture with standard antibiotics and the washing procedure free centre where all animals are free from disease and regularly controlled. Before its entry to the AI centre it has been remained a couple of month in the station where it has been tested at least two times. Moreover, before this quarantine it had been come from an non infected herd. If this rule cannot be achieved and if a bull with high genetic merit has to be used for ET, the only way to lower the risk of contamination (without eliminating it) is to examine each ejaculate by testing a couple of straws with a sensitive test.
Besides these major pathogens for which males are strictly controlled in AI centers, semen can be contaminated by other species, such as ubiquitous pathogens. This contamination may be limited by hygienic measures which are applied especially on housing, collection and processing of semen. The respect of these sanitary procedures may be verified by the sanitary rule linked to the ability to produce semen of high microbiological quality (< 500 CFU . mL -1 ). Addition of antibiotics to the extenders are also efficient to limit the number of bacteria present in the extended semen.
SANITARY RISKS ASSOCIATED WITH THE DONOR FEMALE
In vivo produced embryos
Oocytes and embryos are surrounded by the zona-pellucida (ZP), which protects the embryos and plays a role during all the phases of embryonic development, from maturation through fertilization until early embryonic development. In general, the ZP of mammalian species is composed of 3 glycoproteins, which are assembled in a complex three-dimensional structure. Changes in the structure of the glycoproteins occur during fertilization and also during the passage of the embryo through the oviduct. As a consequence, pathogens can no longer bind to and/or penetrate the intact ZP after fertilization, which becomes an effective barrier against contamination by most of the pathogens investigated. Therefore, the main parameter is related to the integrity of the ZP and it is generally accepted that the only way of transmission of pathogens to recipients is via adhesion to the ZP [54] . Nevertheless, it must be taken into account that adhesion characteristics depend on the pathogens as well as species.
In cattle, the Foot-and-mouth virus [40, 41, 49] , Bluetongue virus [23, 56] , brucellosis [3, 25, 51, 52] , tuberculosis [18] and enzootic bovine leukosis [26] do not seem to represent any risk of transmission by ET. On the contrary, the risks associated with Mycobacterium paratuberculosis, the Bovine herpes virus-1 and non conventional agents such as prions are more questionable.
Mycobacterium paratuberculosis
As far as I am concerned, only one experiment [46] has been done to assess the sanitary risk between embryos and M. paratuberculosis. In this experiment, 50 Zona pellucida intact embryos were incubated with 5 different concentrations of M. paratuberculosis (1 to 10 4 pfu . mL -1 ) during 12 hours at a temperature of 22 °C. The result of the culture is that even after ten washes, from 10 to 50% of the embryos remained contaminated according to the bacterial concentration used in the incubation.
Bovine herpes virus-1
For Bovine herpes virus-1, the virus ability to attach the zona pellucida was highlighted for the first time after in vitro studies [48] . Indeed, BHV-1 was isolated in follicular fluid, follicular cells, oocytes and embryos after experimental infection of donor cows [31] . In that context, the related risk could be considered as high. However, field data on embryos exported in France over many years indicated that none of the recipients of embryos seroconverted even though some of the donors from which the in 1993, despite the considerable research already performed the question whether scrapie may be transmitted by embryos remained unanswered. But now, a very recent study led by the same American team confirm its previous result by showing that no transmission can occur after transfer of embryo from naturally infected donors to free recipients. Moreover, it is concluded that "Embryo Transfer can prevent vertical transmission of scrapie" [63] .
Bovine Spongiform Encephalopathy (BSE)
Turning to BSE, the only existing data on the contamination of the embryos is the great british experiment conducted by Wrathall in UK. It began in 1990 with a sample of 167 infected cows and inseminated with 8 BSE positive bulls and five healthy bulls. He collected the embryos, washed them, observing the IETS standards and evaluate the embryos infectivity by two types of experiments: mice bio assays and embryo transfer into heifers imported from New-Zealand.
The results that have been partly published show that neither the embryos nor the flush fluids contained detectable BSE infectivity, assessed by injections in BSEsusceptible strains of mice [64, 65] . In 1997, there was no evidence of BSE in the recipients and in their embryo transfer offspring, but the absence of transmission of BSE via ET has to be confirmed by complementary results.
embryos had been collected were positive for antibodies [55] . Moreover, it has been shown that all viral particles are eliminated after the IETS washing procedures with trypsin [53] . As a consequence, if no transmission of pathogens to recipients is observed after transfer, the risk associated with transfer of embryos from infected donors can be considered to be negligible. These results have finally led to the following conclusion: Ruminant ZP intact embryos do not appear to be a vehicle for the transmission of IBR.
What about Transmissible Spongiform Encephalopathies?
For scrapie, conflicting results have been obtained. The results of three studies about embryo transfer between scrapie infected sheep and scrapie free sheep are presented in Table I .
Although the last experiment was a natural infection, the both first were experimental ones. The first one is led by Foster in Scotland in 1992. The result suggests that embryos, after no washing might carry disease into the offspring. But Foster designed this experiment as "the worst case scenario" because not only none of the embryos were washed but the embryos donors were of susceptible genotype and had previously been challenged with a high virulent inoculum. In the second case, in the USA, Foote did not found any evidence for transmission with 3 out of 10 recommended washes. So, 443 In goats, there is no evidence of transmission of the BSE agent to the offspring via ET: Foster et al. [29] observed that in vivo embryos collected from donors which were experimentally infected with BSE and transferred into BSE-free recipients did not develop TSE-like-disease.
Thus, for both TSEs diseases, according to the last experiments, the risk seems quite negligible provided that the IETS recommendations are respected.
As a conclusion with the sanitary risks related to in vivo produced embryos, ZP especially of in vivo production embryos act as a barrier for the majority of the disease (enzootic bovine leucosis, foot and mouth disease, blue tongue, brucella abortus...)
But few agents, such as M. paratuberculosis, can attach themselves to the exterior of the ZP. This is true especially in the case of some enveloped virus like Herpes virus and also few bacteria like Heamophilus somnus [57] , Ureaplasmas [24] , Mycoplasmas [12] or Escherichia coli [44] . Indeed, the 10 washes alone were ineffective for removal pathogens and even embryos could remained infected although addition of antibiotics to the washing media [43, 45, 57] . Herpes virus usually can be removed by using trypsin treatment and although trypsin treatment must not be regarded as a general disinfectant, maybe should we also think to an additional treatment for such a bacterium like M. paratuberculosis.
Nevertheless, washing of the embryos may be considered as the best way to eliminate different kinds of pathogenic or ubiquitous agents (slightly attached to the zona pellucida or present in the flushing fluids) and the fundamental rule expressed by the IETS a few years ago can be generally applied: If the ZP of the embryos is intact and if the embryos are processed according to the IETS recommendations, then ruminant and swine ZP-intact embryos do not appear to be a vehicle for the transmission of most infectious agents.
Prevention measures
The sanitary procedures associated with in vivo production of embryos have been described in the IETS manual. Their recommendations about the selection of the donor female, the sanitary handling of embryos, the washing procedure of embryos and the general hygiene practices (laboratory sanitation, culture medium, sterilization of material) should assure ET teams of the risk of disease transmission via embryo transfer [50] .
In vitro produced embryos
The results obtained for in vivo produced embryos cannot be transposable to in vitro produced embryos. It is well recognized that IVF-generated embryos differ morphologically and physiologically from embryos fertilized in vivo. For example, IVF embryos are less compacted and may have a reduced number of cells. There may also be differences in the structure of the zona pellucida. These differences are also noticeable in terms of viability, freezability or speed of development that are significantly reduced for IVF embryos due to differences in ZP structure. ZP in IVF system can be considered as immature and thus the adherence between pathogen agent and embryo seems to be more important.
The structural aspects of the bovine zona pellucida of IVF embryos and in vitro matured (IVM) oocytes have been recently studied by several authors with scanning electron microscopy and fluorescent microspheres. Vanroose et al. [62] concluded that the intact bovine ZP of IVM oocytes and IVF embryos is constructed in such a way that BVDV and BHV-1 should not be able to traverse the ZP and reach the embryonic cells. However, it appears that few small viruses like BVDV can be caught in the outer layers of the ZP and contaminate the embryo at hatching. Moreover, Bielanski and Surujballi [17] have observed Leptospira [59] . Nevertheless, the development of embryos is possible and could lead to disease transmission via ET.
Risks of disease transmission via contaminated IVF embryos
As well as for in vivo produced embryos, the risks of disease transmission via ET is conditioned by the possibility to remove the pathogens from the ZP before transfer. The washing procedure recommended by IETS has been tested by many authors after experimental exposure of the oocytes to different pathogens, such as the Bluetongue virus [36] , BHV-1 [5, 16, 31] , BVDV [10, 20, 22, 54, 58] , FMDV [39] and bacteria such as Actinomyces pyogenes bovis, E. coli and Streptococcus agalactiae [11, 43] . All these studies have shown that the washing procedure was ineffective in removing viruses from IVF embryos, even if a reduction of the infection rate has been observed after a standard trypsin treatment for BHV-1 [17] and BVDV [58] . Bielansky et al. [16] , for instance showed that "BVDV may be associated with washed and unwashed embryos and may persist through the IVF process". Similarly, bacteria were not removed effectively by washing alone, but antibiotics had to be added to the in vitro culture media to remove or kill them.
The conclusions are different from the in vivo embryos. It is important to notice that all studies reported the effects of an artificial exposure to the pathogen, with high infectious doses and exposure time. Guérin et al. [31] have observed that IVF embryos remained infected after washing above a threshold dose of viral exposure. Moreover, conflicting results were obtained with oocytes originating from infected donors. Some studies confirmed the insufficient effects of washing on IVF embryos infected with BHV-1 [9] , BVDV [66] , whereas no evidence of pathogen after washing was observed with BVDV [8] . The discrepancies between these results raise doubts on the transposition of in vitro contamination hardjo in the pores, matrix and channels of ZP and in the embryonic cells, indicating the ability of these pathogenic agents to attach the ZP or penetrate into the embryos.
Risks of contamination of the oocytes
The origin of the oocytes is of considerable importance in the sanitary risks associated with production of in vitro embryos. The oocytes are collected either by ovum pick up (OPU) in live donor females or by puncture of slaughterhouse ovaries. With OPU, oocytes are collected from the ovaries of identified donor females with a well defined health status and oocytes can easily be treated separately if necessary. On the contrary, ovaries from the slaughterhouse are randomly collected, so that the donor females may present a potential risk of clinical or subclinical disease. Thereafter, ovaries are pooled for transportation to the IVF laboratory and consequently the pool of oocytes undergoes IVM, IVF and IVC methods.
At collection, the oocytes used for IVF are surrounded by cumulus cells. As a consequence, contamination can directly come from the oocytes or be linked to the surrounding cells. The intrafollicular oocyte can incur either genomic or cellular contamination. Genomic contamination has never been highlighted [33] and intracellular contamination has only been reported for the Porcine parvovirus [2] , Campylobacter fetus [15] or Leptospira hardjo [11, 17] . Indeed, the role of the surrounding cells is of great importance in the contamination process during IVF. Pathogens, such as BVDV or BHV-1 can contaminate follicular fluid, granulosa and cumulus cells and even cells from the ovarian stroma [21] . Thereafter, these pathogens can bind to the ZP and penetrate into the oocyte during fertilisation. Most studies have reported lower fertilisation and development rates [5, 7, 31, 32, 60] , which may depend on the infectious dose [60] and the strains of the pathogens to natural infected animals and further studies are needed to clear the risks of disease transmission through transfer of in vitro embryos produced from natural contaminated donor females.
Prevention measures
Until it has been established that the oocytes that are infected are non-viable and that there is an effective disinfection method for IVF embryos, the only way to prevent the potential transmission of pathogens through embryo transfer is to control the health status of donor cows. As a consequence, the herd of origin of the donor female should be free of signs of contagious disease and should comply with the sanitary standards of the country. The donor female should be free of tuberculosis, leukosis and brucellosis, as well as BVD and IBR, in view of the potential for the introduction of these viruses into the IVF system [42] . However, this measure is very difficult to apply for slaughterhouse ovaries, because their sanitary statuses are generally not guarantied. Consequently, each IVF laboratory should separately process oocytes and embryos from slaughterhouses and from OPU.
For OPU oocytes, extended recommended procedures would be suitable: (1) serological control of donor cows; (2) control of biological products; (3) quality control for Embryo Production Teams; (4) use of high microbiological quality semen. If the oocytes are collected from slaughterhouse ovaries, the risks are higher but quality controls on biological products and semen and on procedures with a quality control of Embryo Production Teams should be performed to guarantee such embryos. To be efficient, control procedures must be precisely defined for each pathogen (or group of pathogens).
So far, washing embryos has been considered as the best way to eliminate the pathogenic agents from the embryos. In the case of IVF embryos, there is some evidence that the procedure may be insufficient to completely remove the pathogens from the ZP. However, the experimental conditions have generally tested severe contamination protocols and the washing procedure recommended by the IETS remains a good way to decrease or eliminate some pathogens, especially when associated with the following additional disinfection methods: (1) trypsin treatment (0.25% for 90 s) for a more effective removal of pathogens such as BHV-1, without negative effects on the developmental rate of the embryos [16] ; (2) treatment with biochemical and biological substances like hematoporphyrin derivative active on BHV-1 and BVDV [4, 13] ; (3) antibiotic treatment for the removal of bacteria like Actinomyces pyogenes bovis, E. coli and Streptococcus agalactiae [43] .
SANITARY RISKS ASSOCIATED WITH ENVIRONMENTAL CONDITIONS
Numerous contaminations may result from the serum or media used for the culture or the handling of embryos. Contaminations can also be added during the manipulation of embryos (collection of the oocytes or embryos, washing, culture or transfer).
Somatic cells used for co-culture
For somatic cells, the preliminary results demonstrate that these tissues are sometimes contaminated by various pathogens. Therefore, additional risks may result in the use of co-culture cells obtained from the ovaries or oviducts collected in the slaughterhouse with an unknown health status. Oviductal cells from slaughterhouse material can be contaminated with BVDV or BHV-1 [14] , so that the co-culture system may induce a contamination to initially healthy oocytes or embryos.
followed by degeneration and high rates of embryonic death (Marquant-Le Guienne, unpublished observations).
The hygienic conditions associated with manipulation is also of great interest. Related to that particular point, a sanitary control of ET teams working in the field has been developed in France since 1986. This quality control is based on the total bacterial count and identification of various pathogens including BVDV and BHV-1 from flushing and washing media and embryo samples. The preventive measures and special procedures defined in the IETS manual by Nibart et al. [42] should be applied to in vitro production units to lower the sanitary risks associated with in vitro production.
CONCLUSION
Even if further experiments are still needed for some pathogens, it is well established that in vivo produced embryos are associated with low risk if handling is performed according to recommended IETS procedures. The risks associated with IVF embryos are more difficult to assess. On the one hand, the particular ability of pathogens to attach the zona pellucida of IVF embryos must be taken into account and extended recommended controls for donor cows should be systematically performed before OPU. On the other hand, sanitary controls are necessary on all the biological products used in the media or culture system. In any case, it is important to use semen with a high microbiological quality. Some incertitude remains with the efficient disinfection methods for IVF embryos and prions. In particular, field studies are still necessary to confirm experimental studies. However, without focusing our attention on more questionable agent, it clearly appears that ET remains the more safety way to transfer genes and also the best way to prevent some diseases transmission.
As a prevention measure, the preparation in the near future of a fully synthetic media appears to be the most reliable and efficient measure to comply with sanitary security. When systems of co-culture are used, the best way to control sanitary risks is to use established cell lines, which can be tested before use for the presence of pathogens.
Fetal calf serum and products from animal origin
Various media containing products of animal origin are used for the collection, handling, washing, cryopreservation, in vitro culture of embryos and also represent non negligible sanitary risk. Most particularly, fetal calf serum can be contaminated with viruses, such as BVDV [33, 47] . Irradiation of commercial sera may limit those risks, but this procedure is not always applied. In the case of IVF systems, all biological products should be tested for the presence of BVDV and BHV-1 and sera should be inactivated and tested again before use [42] . To conclude, application of the IETS recommendations reduces the sanitary risks related to products from animal origin, but the best way to avoid risks of contamination would be to replace sera by substitutes.
Bacterial contaminations
The presence of different bacterial strains usually considered as ubiquitous pathogens has been noted on some occasions (in particular, Staphylococcus spp., Streptococcus spp., Pseudomonas spp., Bacillus spp.). These bacteria species are common contaminants of bovine semen or the female genital tract (including vaginal mucosa and oviductal cells), but they are also present in the environment or even sometimes in the antibiotic powder usually added to the culture media. These bacteria may invade the IVF system including the oviductal cells used for co-culture of embryos, which leads to reduced fertilisation rates and is usually
